Electr0physiological responses of median and lateral giant nerve fibers of the earthworm were recorded during exposure, in ~itro, to x-rays. In response to external stimulation, during x-irradiation, these nerve fibers showed initially an increase in conduction velocity, a rise in spike amplitude, a decrease in relative refractory period, and an increase in sensitivity. These ~ responses represent an enhancement of activity, attributable to bombardment with x-rays, rarely found in other biological systems. They were followed by deterioration of activity and eventual block, representative of the lethal action of x-rays, commonly observed in other biological systems. Several properties of the enhancement of activity were noted: The time at which maximum activity of one factor occurred did not coincide with the time at which the maxima of other activities occurred; spike amplitude, for example, was observed to increase while conduction velocity had already reached its maximum and was rapidly declining. The energy supplied by bombardment with x-rays did not act synergistically during the time of the enhanced response; that is, concomitant irradiation was not necessary in order to produce the enhanced response, once the nerve had been altered by x-irradiation. Once the nerve was responding in an enhanced manner, cessation of irradiation for short periods of time had no effect on the response. The phenomenon was therefore due to an irreversible alteration of the nerve fiber itself.
tissue. No direct electrophysiological records from the nerves themselves are involved in the earlier investigations. A preliminary report from this laboratory (4) indicated certain responses of excised mammalian nerve trunks during x-irradiation, but the importance of working with single nerve fibers for precise information on neural responses is evident. The effect of x-rays on membrane permeability of squid axons was observed by Rothenberg (5) , and the effect on cholinesterase activity of spider crab nerves was noted by Wilson and Cohen (6) .
Studies on total-body irradiation and its effects on systemic electrophysiological responses in the intact animal are not comparable to the present work and are not considered. Such studies, like the earlier studies on nerves, have pointed out the ability of x-rays to suppress electrophysiological processes, but none have detected the enhancement of activity here reported.
Materials and Methods
Ma~er/a/.--Large specimens of Lurabricus terrearis, L., averaging 180 somites, were secured from commercial supply houses. The giant fibers of earthworms have been known for almost a century, but their neuroanatomical features (7) and electrophysiological responses (8) (9) (10) (11) have been worked out quite recently. The giant fiber system of the earthworm is made up of three fibers, one median and two lateral. There are branches between the two laterals, which respond as a unit, but no connection between the laterals and the median. There are, therefore, two complete and separate systems. The lateral fibers range in size from 25 to 35 microns in diameter, and the median fiber ranges from 65 to 85 microns in diameter. Their large size and correspondingly large action potentials make it possible to display on the oscilloscope the action potentials of either the median giant fiber or the lateral giant fibers, without the interference of smaller axons. The difference in conduction velocity of the medians and the laterals also permits simultaneous display of both.
Aneahesia and Surgery.--In preliminary tests, anesthesia was produced by placing the animals in a dilute solution of dial-urethane, in a 10 per cent solution of methylated spirits (9) , or in a 5 per cent solution of magnesium chloride, for a time just sufficient to reduce their activity. The animals were then rinsed in tap wate r . While all three anesthetics were effective in quieting the animals, they were unsatisfactory for the present studies because nerve cords removed from these animals suffered a considerable loss in sensitivity, a fact not heretofore reported. The simple expedient of keeping the worms at approximately 2°C. for 3 hours or more offered the advantages of the anesthetics without loss of sensitivity. During the period of surgery the nerve cord was bathed with cooled isotonic salt solution. When it was placed on the electrodes immediately after completion of the dissection, it exhibited a very consistent sensitivity provided the procedure on surgery was carefully followed.
Approximately 15 anterior somites and 20 posterior somites of the worm were amputated and discarded. The body wall was opened along the right midlateral line the entire length of the worm. The alimentary canal must not be punctured, as its contents have a deleterious effect on the activity of the axon, The animal was pinned ventral side down on a wax operating dish. Careful cutting of the many septa binding the nerve cord freed it from the body wall. Tension on, sep~ connected to the nerve cord was found to be the factor in the operational procedure most deleterious to optimal activity of the giant fibers.
Removed from the body of the animal, the nerves were kept moist with an oxygenated solution containing the following ingredients per liter of triply distilled water: 9.0 gm. NaC1; 0.42 gm. KCI; 0.23 gm. CaCI~; 2 gin. glucose; 0.2 gm NaI-ICOs; and sufficient NaH~PO4 to produce a final pH of 7.25 after the solution was vigorously bubbled with oxygen for 3 hours. The specific conductance of the solution was 16,000 megohms -t.
Recording.--A recording chamber was utilized which kept the nerve cord moist with a fine mist of oxygenated solution; the stock of solution which served as the source of the fine mist was shielded against the x-rays. All events were synchronized by remote control during x-irradiation. Photographic recordings of oscillographic traces from two pairs of electrodes on the nerve fiber were later projected for measurement and analysis. Conduction velocity of the impulse was determined from calculation of the time lapse between spike peaks; this was necessitated by the variable latent period of the impulse. Sensitivity to stimulation--to be distinguished from sensitivity to x-rays, which was determined by the dose of x-rays required to produce a given effect in the nerve--was arbitrarily defined as the reciprocal of the voltage just necessary to elicit a response. This threshold stimulus applied to the nerve was a single square-wave pulse of 10 -6 second duration. The relative refractory period was determined by applying two threshold pulses of 10 -6 second duration, separated by a period of time just short enough to prevent the nerve from responding to the second impulse. The absolute refractory period was determined in preliminary experiments but was not found useful in these experiments since the higher voltages necessary to establish the absolute refractory period were found to be harmful to the nerve and interfered with determination of sensitivity to x-rays. The reciprocal of the refractory period in milliseconds was used in all calculations, since a shorter refractory period connotes a more responsive nerve. In all graphs, therefore, a decline in responsiveness is indicated by a fall in the curve.
Stretching of Nerve Cor&--The nerve cord of the worm, both/n r/vo and in vitro, is characterized by a high degree of contractility and extensibility. The excised nerve cord, with its thin sheath of smooth muscle, can be seen to undergo a slow undulating movement which gradually tends to shorten the nerve. Once the nerve cord has reached a minimal length, the undulating movements continue but the nerve fails to shorten. It is possible to stretch the nerve cord gently and slowly to its original length and again observe the process of contraction. While contraction and stretching are taking place, the various neural responses are being affected, the complexity of which is such that it must be reported in detail elsewhere. In the present work, in order to secure reproducible results, it was necessary to place some tension on the nerve to reduce to a minimum any action which would tend to change the spatial relationship of the nerve on the electrodes and still leave the nerve undamaged, giving reproducible responses over a maximum period of time. It was possible to calculate from the initial length of the worm, based on the number of somites, the exact amount of stretch necessary for optimal performance. This was obtained by means of the arrangement shown in Fig. 1 .
X-Irradia~ion.--A model 6100 Picker Vanguard deep therapy x-ray generator, operating at 280 kv. and 20 ma., supplied the x-rays. The beam was filtered only by the beryllium window of the tube, 3.2 ram. thick, and by the clear plastic of the recording chamber, 0.95 mm. thick. The distance from the x-ray target to the nerve was 25.5 cm. and the dose rate was 6 kr./minute. This dose rate was chosen because it gave considerable enhancement of activity; at higher dose rates the enhancement was less, and at lower dose rates the enhancement was sometimes greater, but less predictable. 
RESb-LTS
Since a stable, predictable response on which to superimpose the effects of x-irradiation was necessary, a series of 20 controls was observed over a period of 10 hours for spike amplitude, sensitivity, conduction velocity, and relative refractory period. These results are shown in Fig. 2 . The relative activity, A/Ao, represents the activity, A, at any designated time relative to the activity, A0, at 0 time; 0 time corresponds to the beginning of x-irradiation and is 90 minutes after the nerve cords were placed on the recording electrodes. In Fig. 2 the time at which x-irradiation was begun is indicated by the first arrow, at 90 minutes, and the average time at which x-irradiation was terminated is indicated by the second arrow. It should be noted that there was no irradiation involved in the values shown in Fig. 2 ; the arrows simply indicate the times at which, in subsequent experiments, the nerve cords were subjected to x-irradiation. The relatively flat plateau for the period during which the nerves were 
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Fro. 5. Relative conduction velocity of giant fibers of earthworm, plotted as a function of time of x-irradiation, as in Fig. 3 . 20 experiments. value; in other words, the abscissa represents mean time values for various definite relative activities, which are plotted on the ordinate. An almost immediate response to x-irradiation is evident; an enhancement of activity, attributable to x-irradiation, precedes the suppression of activity. The deleterious effects of x-rays on compound nerve trunks have been previously observed, but no such enhancement of activity has been reported.
The median fibers were somewhat more sensitive to x-rays than were the lateral fibers, as shown by the fact that the last activity of the medians was recorded at 41 minutes, corresponding to 246 kr. of x-rays, whereas that of the laterals was recorded at 51 minutes, corresponding to 306 kr. of x-rays. The median fibers likewise showed a correspondingly lower rise in amplitude than the laterals, but for conduction velocity and sensitivity there was no clear cut difference between the increase in response of the median and the lateral fibers. Once deterioration of the nerve fiber sets in, the greater sensitivity to x-rays of the median fibers is evidenced by the separation of the curves, the curve for the response of the medians dropping faster than the curve for the laterals.
The refractory period shows a pattern of slight initial enhancement due to x-irradiation, followed by a deterioration more rapid than that found in the other factors considered. Table I gives a statistical analysis of the maximum enhancement attributable in each case to x-rays.
DISCUSSION
During x-irradiation of nerves a great amount of energy is expended in the nervous tissue by the x-rays themselves. An obvious point, therefore, might be considered: Is this expenditure of energy necessary at the time the impulse passes along the nerve fiber in order that the nerve respond in an enhanced manner? Is there a synergistic action in which the x-rays make their contribution to the dynamics of the action potential? The question can be answered by the simple expedient of cutting off the beam of x-rays while the nerve is responding in an enhanced manner. Such tests show that the nerve continues to respond for considerable periods of time as well with the x-rays off as with them on. Turning the x-ray beam on and off during the time that the nerve was responding at a high level had no effect on the magnitude of the enhanced response. The enhancement of activity appears, therefore, to be due to an irreversible change in the nerve itself, brought about by the x-rays.
One might inquire as to the nature of this change in the nerve fiber. Since the magnitude of the action potential is attributable to the magnitude of the ionic shift across the membrane of the nerve, which, in turn is affected by the ionic permeability of the membrane, a foundation for the enhancement may be sought in the work of Rothenberg (5), who has shown an increase in the uptake of Na ~ of irradiated squid axons. The role of sodium in the conduction of the nerve impulse is well known. It is by no means clear, however, how the magnitude of the action potential, corresponding to the magnitude of the ionic shift, may increase, while the conduction velocity of the impulse, related as it is to the rate of ionic shift, may decrease. It seems that an agent such as x-rays, capable of changing the nerve fiber so as to increase the spike amplitude, should at the same time facilitate conduction velocity and the other factors considered in this paper. An inspection of Fig. 6 , however, shows that conduction velocity and the other factors showed an initial increase previous to the greater increase in spike amplitude, and that spike amplitude continued to increase while conduction velocity was on the decline. By the time spike amplitude had reached its maximum, conduction velocity had already fallen to the value recorded at the beginning of irradiation.
The work of Wilson and Cohen (6) on cholinesterase activity in spider crab nerves under various environmental conditions, including exposure to large doses of x-rays, indicated a decrease in enzyme activity against acetylcholine and an increase in enzyme activity against dimethylaminoethyl acetate, at doses comparable to those in the present research. They think that the increase in enzymatic activity may be apparent, that is, actually due to an increased permeability of the nerve to the substrate, since the activity was based on the amount of substrate hydrolyzed. No further light on the basic mechanism of enhanced activity due to x-rays was given. A point of considerable interest is the statement that the bioelectrical response of these nerves was "normal." Since their investigation was focused on enzymatic activity rather than bioelectrical response, it might be suggested that a critical study of the latter would reveal an increase in activity such as that reported in this paper. This is suggested in the light of a survey in this laboratory of various nerves exposed to x-irradiation, the results of which have not been published. The survey includes a number of selected nerve types from among the vertebrates and invertebrates; all have shown responses comparable to those reported in this paper.
Another question to be considered is whether the increase in activity and the subsequent destruction of activity by x-rays are attributable to separate mechanisms or whether they constitute separate manifestations of the same mechanism. One approach to the problem, currently under investigation, involves checking these responses at different dose rates. Current results indicate that the destruction of activity is directly related to the total dose of x-rays and is quite independent of the rate at which the total dose is delivered, whereas the enhancement of activity is dependent upon the total dose as well as the rate at which the total dose is delivered. At lower dose rates the enhancement of activity is greater. Although this does not indicate directly the nature of the mechanisms involved, it does indicate that the rates of the two processes are quite different. There is a certain delay or lag in the build-up of enhancement which is not encountered in the destructive process. Hence at higher dose rates the destructive process masks or obscures the enhancement process, which builds up more slowly. Enhancement of activity, however, does not increase indefinitely as dose rate decreases, since the response of the nerve to x-rays becomes less predictable as the length of time the nerve is out of the animal increases.
The ability of x-rays to affect in a different manner the various manifestations of nervous activity suggests that they may become a valuable tool in helping to understand better the complexities of the nervous response.
